Testate amoebae-based transfer functions are commonly used in peatland palaeoclimate studies. These models have been developed in several regions of the world and are sometimes used for palaeohydrological reconstruction from fossil data in locations where no transfer functions exist. Limitations of this approach may include missing modern analogues and problems associated with site-specific or regional factors in testate amoebae ecology and biogeography. This study presents new testate amoebae-hydrology transfer functions based on data from six peatlands in Northern England. Transfer functions were generated for water table depth and moisture content using weighted averaging tolerance downweighted regression with inverse deshrinking and model performance was assessed using leave-one-out (jacknifing) cross-validation.
Introduction
The utilisation of transfer functions for quantitative palaeohydrological reconstruction from peatlands is now commonplace in several regions of the world (e.g. Booth, 2008; Charman, 1997; Lamentowicz et al., 2009; Lamentowicz et al., 2010; Langdon and Barber, 2005; Mitchell et al., 2001; Payne et al., 2006; Swindles et al., 2010) . The hydrology of ombrotrophic ('rain-fed') peatlands is strongly linked to effective precipitation (precipitation -evapotranspiration), especially during the deficit period (Charman, 2007) . Thus, inferences from peatland proxy-based palaeohydrological reconstructions contribute significantly to understanding Holocene hydroclimatic change. Although there are a number of peat-based hydrological proxies, such as plant macrofossils and peat humification, testate amoebae have become increasingly favoured by many researchers over the last two decades as transfer functions can be used for quantitative reconstruction of palaeo-water tables (e.g. Charman et al., 2007; Charman and Warner, 1992; Lamentowicz et al., 2010; Payne and Mitchell, 2007; Swindles et al., 2010; Wilmshurst et al., 2003; Woodland et al., 1998) .
Testate amoebae are a polyphyletic group of single-celled organisms that form a shell, or test. They are abundant on bog surfaces, especially living within the water film of bryophytes, and on death their empty tests are preserved in accumulating peat (Charman, 2001; Smith et al., 2008; Swindles and Roe, 2007; Warner, 1990) . Testate amoebae form a significant part of the microbial ecosystem in peatland soils, enhancing nutrient cycles by consuming bacteria, protozoa, micro-algae, fungi and micrometazoa (Coûteaux and Darbyshire, 1998; Foissner, 1999; Lamentowicz and Mitchell, 2005; Mitchell et al., 2008a; Mitchell et al., 2000a) . Community composition of testate amoebae is influenced by a number of biotic and abiotic factors and they respond rapidly to environmental change (Buttler et al., 1996; Mitchell et al., 2000a; Tolonen, 1986) . The dominant control on testate amoebae in peatlands has repeatedly been shown to be bog surface wetness (water table depth, moisture content) particularly in ombrotrophic systems where pH and nutrient status has a limited range (Bobrov et al., 1999; Booth, 2001; Charman, 2001; Lamentowicz and Mitchell, 2005; Payne et al., 2006; Woodland et al., 1998) . Although the position of testate amoebae in the microbial network is complex, their sensitivity to hydrology makes them ideal biological indicator organisms in both contemporary and palaeoecological studies (Turner and Swindles, 2012) .
The body of work on the ecology and biogeography of testate amoebae is extensive.
Testate amoebae are often considered to be largely (with a number of exceptions) cosmopolitan in their distribution in Sphagnum-dominated peatlands, particularly in the Northern Hemisphere (Mitchell et al., 2000a; Smith et al., 2008) . Testate amoebaebased hydrological transfer functions have been developed in many parts of the world; Alaska (Markel et al., 2010; Payne et al., 2006) , Canada (Charman and Warner, 1997; Warner and Charman, 1994) , Europe , Greece (Payne and Mitchell, 2007) , New Zealand (Charman, 1997; Wilmshurst et al., 2003) , North America (Booth, 2008; Booth and Zygmunt, 2005) , Northern Ireland ), Switzerland (Mitchell et al., 1999) , Poland (Lamentowicz et al., 2008; Lamentowicz and Mitchell, 2005) , and the United Kingdom (Woodland et al., 1998) . Due to spatial autocorrelation (Borcard et al., 1992; Lennon, 2000) , transfer functions require validation against data sets that are completely independent of the training set (Belyea, 2007; Birks et al., 2010) . However, very few models are rigorously tested using spatially independent data and it has been suggested that they may generate reconstructions of unrealistic accuracy Telford and Birks, 2005) .
Whilst the environmental preferences of these organisms are generally consistent between regions, their sensitivity to microsite variations and localised idiosyncrasies (Mitchell et al., 2000b) suggest it would be unreasonable to make palaeoecological inferences for one region using contemporary data from another (Charman et al., 2000) .
Therefore, a comprehensive understanding of the local ecology of testate amoebae is ideally a prerequisite when taking a transfer function approach to palaeoenvironmental reconstruction in any given area. To date, information on testate amoebae speciesenvironment relationships in Britain comprise the dataset of Woodland et al. (1998) (163 samples in 9 sites) and 18 samples from a single British site included in the European transfer function of Charman et al. (2007) . A need for further contemporary data from Britain is pertinent when considering the plethora of peatland palaeohydrological reconstructions from the region (e.g. Barber and Langdon, 2007; Blundell and Barber, 2005; Charman et al., 2004; Charman et al., 1999; Daley and Barber, in press; Hendon and Charman, 2004; Langdon and Barber, 2005) . However, producing single-site training sets for each individual investigation would be impractical, and therefore the complexity of applying training sets extra-regionally needs further consideration.
The aims of this study are to 1) examine environmental controls on contemporary testate amoebae communities in the Northern England region; 2) develop local transfer functions for quantitative palaeohydrological reconstruction based on fossil testate amoebae assemblages from the area; 3) to explore the issue of spatial scale and biogeography in transfer function development by comparing the results to recently published regional and European transfer functions; 4) to take a novel approach to model validation, using spatially independent data to rigorously test the potential of employing transfer functions extra-regionally.
Methods

Study Sites
Six sites located in North and West Yorkshire, United Kingdom (Fig.1) were selected for this study to encompass a range of peatland environments within a similar climatic regime. Although the majority of palaeohydrological studies have been carried out on ombrotrophic raised bogs, capturing taxa associated with other bog types may be critical to understanding bog development trajectories. We included a variety of bog types in site selection to 1) ensure the inclusion of as many modern analogues as possible; and 2) sample full environmental gradients as recommended by Payne et al. (2011) . However, we acknowledge that this sampling strategy cannot account for the true complexity of the autogenic and allogenic processes operating within peatlands (cf. Swindles et al., 2012 Thornton Mire (ThM) is a minerotrophic basin mire of around 7.1 ha which has an area of ombrotrophy in the centre (Honeyman, 1985) . The site has been fenced off to prevent stock from entering the area and is therefore only subject to minimal grazing by lagomorphs, resulting in a relatively undisturbed bog surface. Vegetation is typically Sampling was carried out at three blanket peat locations on the moor characterised by contrasting burning regimes, including the site of the wildfire (cf. Turner and Swindles, 2012 
Contemporary training set
At each site, a number of cross-cutting transects were established to encompass the full range of microtopographical gradients from hummock to hollow, and where present, fen-bog transition. The position of each of the 207 sample points was logged using GPS, and the dominant vegetation type was recorded. A monospecific sample of the surface bryophyte, approximately 10 cm 2 to a depth of 5 cm was removed using a serrated knife. At each location a hand auger was utilised to enable water table depth (WTD) measurement relative to the substrate surface after allowing time for equilibration.
High values represent deeper WTD and negative values represent standing water.
Water collected from the augered hole or squeezed from Sphagnum was used to measure pH and conductivity with field meters. The validity of 'one-shot' WTD measurements has been debated (Bobrov et al., 1999; Booth, 2008) , however provided extreme pre-sampling weather conditions are avoided (prolonged rain, drought) this has been regarded as adequate for transfer function development (Booth, 2008; Charman et al., 2007; Payne et al., 2011; ). Samples were retained in sealed 'Ziploc' type bags, returned to the laboratory and stored at 4°C prior to analysis.
Bryophyte samples were divided, and approximately half was used to determine moisture content (MC) of the sample by weighing and oven drying at 105°C. The other half of the sample was prepared for testate amoebae analysis following a modified version of Charman et al. (2000) . Sub-samples were placed in a 500 ml beaker, boiling water added, and agitated for 5 minutes with a spatula. The beaker contents were sieved through 300 μm and back sieved through 15 μm meshes, retaining the fraction between meshes. Back-sieving at 15 μm has been questioned by Payne (2009) 
who
argues that small taxa such as Cryptodifflugia oviformis may pass through the smaller sieve skewing community composition results. However in practice, microsieving makes analysis more efficient particularly when processing large numbers of samples often encountered in palaeoclimate studies and remains routinely employed (e.g. Elliott et al., in press; Lamentowicz et al., 2010; Payne, 2011; van der Knaap et al., 2011) . Due to the large number of samples and the need to improve slide clarity for samples with minerogenic material present, the fine sieve stage was included for both contemporary and palaeo sample preparation to retain consistency. Samples from a peat core from TM were prepared following Charman et al. (2000) with some modification; sub-samples of 2 cm 3 were placed in 50 ml centrifuge tubes, 40 ml of hot water added, and agitated for 2 minutes using a 'whirly-mixer'. The contents were sieved through 300 μm and back sieved through 15 μm meshes, and samples stored in deionised water.
Samples were slide mounted in deionised water and identified under light microscopy at 200 -400x magnification, reaching a minimum count of 150 individuals. The taxonomic approach taken in this study predominantly follows that of Charman et al. (2000) , which groups some ecologically similar morphospecies with intraspecific variability into 'types'. Exceptions to this were; the splitting out of Assulina scandinavica (cf. Ogden and Hedley, 1980) from the Assulina seminulum group differentiated by larger size (A. scandinavica length 90-120 µm; A. seminulum 60-80 µm) and distinct sharp tapering of the test from midpoint to the aperture ; the splitting of Difflugia globulus (Cash and Hopkinson, 1909) Identification was aided with the taxonomic guides of Corbet (1973) , Ogden and Hedley (1980) and Charman et al. (2000) .
Data analysis
Absolute testate amoebae numbers were converted to sample percentage in preparation for statistical analysis. The Shannon diversity index (SDI) was calculated for each sample to examine the faunal diversity. The SDI has been shown to indicate relative ecological health of testate amoebae communities and is defined as:
where Xi is the abundance of each taxon in a sample, Ni is the total abundance of the sample, and S is equal to the species richness of the sample. Environments are considered to be healthy if the SDI falls between 2.5 to 3.5, in transition between 1.5 and 2.5, and stressed between 0.1 and 1.5. Harsh environments where conditions severely limit species numbers are characterised by low SDI values (Magguran, 1998) .
Ordination methods were used to examine contemporary taxa-environment relationships using CANOCO 4.5 (ter Braak, 2002; ter Braak and Smilauer, 2002) .
Gradient lengths were determined using detrended correspondence analysis (DCA) on the whole percentage-transformed dataset. Gradients were found to be consistently long (> 2σ), suggesting unimodal methods are more appropriate for these data (Birks, 1995) . Species data were therefore transformed using Hellinger distance to enable the use of Euclidean based ordination methods over chi-squared distance methods, thus avoiding problems associated with rare species (cf. Legendre and Gallagher, 2001 ).
Redundancy analysis (RDA) was used to explore the relationships between testate amoebae and environmental variables and to identify the dominant controls on testate amoebae community structure. The SDI values were included as a supplementary environmental variable. The relative contribution of each environmental variable was investigated using a series of partial RDAs in order to estimate total variance partitioning and intercorrelations between environmental variables (Borcard and Legendre, 1994) . The statistical significance of these analyses was determined with
Monte-Carlo permutation tests (999 permutations, under a full model).
Species-environment modelling
Transfer functions were developed using the C2 software package (Juggins, 2003) employing a number of weighted averaging techniques as these are more robust to autocorrelation (Telford and Birks, 2005) ; weighted averaging (WA) and tolerance downweighted weighted averaging (WA-Tol) with classical and inverse deshrinking, and weighted averaging partial least squares (WA-PLS) and Maximum Likelihood (ML).
Model performance was assessed using the coefficient of determination (r 2 ) and the root mean square error of prediction (RMSEP) with leave-one-out cross-validation ('jack-knifing'). Transfer function model performance was improved through the removal of 'outliers', samples with residuals above a predetermined value. Hydrological niche statistics (WTD and MC) were calculated for each taxon . The water table transfer function was applied to a fossil sequence from Malham Tarn Moss, applying 1000 bootstrap cycles to generate sample-specific errors of prediction (Line et al., 1994) . For comparison, the Northern Ireland water table transfer function of and the ACCROTELM water table transfer function were also applied to the fossil sequence.
Further comparisons were made between the three transfer functions by using each to predict for the other's contemporary data (testate amoebae community composition and associated WTD measurements) in a series of spatially independent cross- 
Results
Testate amoebae communities and environmental variables
A total of 207 samples were analysed for testate amoebae community composition reaching a count of >150 individuals per sample (cf. Charman, 1999 Booth, 2002; Booth, 2008; Charman and Warner, 1992; Lamentowicz and Mitchell, 2005) .
Constrained ordination using redundancy analysis (RDA) with Hellinger-transformed species data was carried out on the dataset. Samples without WTD data were excluded.
RDA axes one (eigenvalue = 0.089) and axes two (eigenvalue = 0.038) explain 12.6% of the variance in the testate amoebae data and 78.8% of the species-environment relationship (Fig.3, Supplementary file 2) . Water table depth and moisture content are strongly correlated with axis one (r = -0.752 and r = 0.508 respectively) and occur at opposite ends of the axis, rendering hydrology the primary environmental driver. The associated Monte-Carlo permutation test shows this axis is highly significant (p < 0.001, 999 random permutations). The second axis is correlated primarily to pH (r = 0.353) indicating that geochemistry is subordinate to hydrology, consistent with patterns observed in previous studies (Booth, 2008; Charman and Warner, 1997; Charman et al., 2007; Charman and Warner, 1992; Tolonen et al., 1992; Warner and Charman, 1994; Woodland et al., 1998) . there are a number of samples with lower/higher than expected moisture contents when considering their position in the water table (Fig.4) . This is likely due to weather conditions prior to sampling the surface bryophyte and demonstrates the potential short-term flux of surface moisture in relation to precipitation and evapotranspiration.
It is also possible that evaporative losses were encountered during sampling and storage. It is therefore proposed that water table depth is a more stable proxy of hydrology than substrate moisture in peatlands in agreement with other studies of this nature (Charman and Warner, 1997; Charman et al., 2007; Charman and Warner, 1992; Tolonen et al., 1992; Woodland et al., 1998) .
The performance of several models for water table and moisture content were tested, with WA-Tol (inverse deshrinking) found to be the best performing model for water (Fig.5) . As outliers have a pronounced effect on ordination methods and transfer function development (Kent, 2012; McCune and Grace, 2002) it is common practice to remove these to a predetermined value, avoiding uncontrolled removal of residuals (e.g. Booth, 2008; Charman et al., 2007; Payne et al., 2006; Woodland et al., 1998) . In addition, a number of authors have noted a deterioration in predictive ability in extremely dry environments (Booth, 2002; Payne et al., 2006) . Samples with residuals greater than one fifth of the full WTD range were removed from the water 
Application to fossil sequence
The sub-fossil testate amoebae diagram for the top 100 cm of Malham Tarn Moss (present to 389 -210 cal. BC) is shown together with WTD reconstructions using the Northern England (NE), Northern Ireland (NI) and ACCROTELM transfer functions (Fig.7) . The three reconstructions are shown separately on the same WTD axis in Fig.8 for clarity. Water Charman, 1997; Charman et al., 2007; Charman and Warner, 1992; Lamentowicz and Mitchell, 2005; Mitchell et al., 2001; Tolonen, 1986; Tolonen et al., 1994; Woodland et al., 1998) However, a much greater proportion of the values falling outside the predicted value standard error are wetter than predicted (17.09% versus 2.56% drier). This is an effect of the very dry observed values for H. subflava encountered in the NI training set. It is worth noting that the ACCROTELM transfer function was originally tested using the British training set of Woodland et al. (1998) as independent data. The ACCROTELM model predicted well for the British data, but not in reverse which was attributed to testate amoebae community variance at a sub-continental scale, or much narrower hydrological ranges in the British data due to annual-average hydrological data. The SICV tests for the NE transfer function observed here appear to support the community variance hypothesis and may well extend to the sub-regional as well as sub-continental scale.
The hydrological optima and tolerance values for many taxa from the Northern England (Supplementary file 5) . The position of Difflugia pulex at the driest end of both water table and moisture content ranges in the Northern England data is highly questionable as this taxon was present in only a single sample retained in both models.
The ACCROTELM and NI species-environment models found this taxon to occupy a moderate position in the water table and moderate-to-dry in the moisture content models, and represents the best modern analogues to date due to the high numbers of samples containing D. pulex (ACCROTELM WTD n = 26, MC n = 36; NI WTD n = 16, MC n = 18).
The Northern England transfer functions have produced hydrology optima and tolerance statistics for a number of taxa not published from the NI or ACCROTELM studies, giving a broader understanding of species-environment relationships in British peatlands (Table 3) . From the species RDA (Fig.3) , a number of these taxa are associated with higher pH environments (C. ampulla, L. spiralis, N. lageniformis, Q. symmetrica, S. lenta, T. dentata, T. lineare) and reflect more minerotrophic conditions, substantiating the findings of Lamentowicz and Mitchell (2005) from North-West Poland. Notable taxa not encountered in the contemporary study are Amphitrema stenostoma and Nebela marginata. Two taxa, Assulina scandinavica and Difflugia globulus were lower taxonomic divisions from the grouping approach of Charman et al. (2000) , the implications of which are discussed later.
Improving analogues
A prominent taxon in the NE transfer function is Hyalosphenia subflava which has up until this point been scarce in the UK training sets Woodland et al., 1998) but frequently encountered in fossil assemblages from British palaeoenvironmental studies (e.g. Barber and Langdon, 2007; Blundell and Barber, 2005; Langdon et al., 2003) . The hydrological data generated for this taxon here are much needed in the British training set as the NI and ACCROTELM water table depth optima-tolerance figures are dissimilar which is likely due to localised site variance. In the NE training set, H. subflava was encountered at all sites except Swarth Moor and therefore the hydrological preference data should be robust, providing significantly better modern analogues for Northern England and for H. subflava dominated palaeoecological samples from the region.
When considering the exclusion of particular taxa from transfer function training sets to improve model performance, some thought must be given to the question of test preservation. Euglypha strigosa was the third most common taxon encountered in the contemporary training set ranging from 0 to 46% of sample abundance, however the idiosomic tests of the this genus are rarely encountered below the acrotelm (aerobic zone) in many palaeoecological studies (cf. Mitchell et al., 2008b) . The optima-tolerance statistics for the taxon in this study shows it favours the drier end of the hydrological gradient, though it occupies a more neutral position in the Northern Ireland and ACCROTELM species-environment models. suggests that test degradation within the genus Euglypha is associated with drier conditions (lower moisture content in particular). Previous work on the dissolution effects of increased acidity (Swindles and Roe, 2007) and increased acidity and desiccation (Payne, 2007) found that the genus Euglypha to be particularly susceptible to preferential degradation. The results of the RDA ordination may suggest that exposure to aerobic conditions (and therefore increased microbial activity) is a significant causal factor of degradation.
In this study, the sampling of wider environmental gradients than those usually associated with raised bogs has allowed modern analogues to be established for several less-common taxa. Such taxa may be important for interpreting bog development trajectories including pathways to ombrotrophy. Payne et al. (2011) offer a number of recommendations to improve clustered training sets that we have followed here; 1) a large number of sites should ideally be sampled to reduce autocorrelation problems; 2) sites should be similar in terms of climate and vegetation; 3) there should be sufficient diversity in the sample sites to ensure there are good analogues for all fossil samples in the training set; 4) the full environmental gradient is sampled at each site. However, the encompassment of the full hydrological gradient at each site is somewhat weakened by the need to exclude outlier samples to achieve greater predictive power. Despite this, this study has examined the hydrological optima-tolerance values for a number of taxa not previously reported, particularly Assulina scandinavica (cf. Ogden and Hedley, 1980) and Difflugia globulus which have customarily been grouped in the morphospecies approach of Charman et al. (2000) . In other studies, Assulina seminulum have shown hydrological optima of~19 cm WTD and~90% MC ,~20 cm WTD and 89% MC (Swindles et al., 2009), 20 .4 cm WTD and 91.7% MC , (Bobrov et al., 1999) , 28.1 cm WTD (Lamentowicz and Mitchell, 2005) ,~6.5cm WTD and~92% MC (Woodland et al., 1998) this in terms of palaeoecological reconstruction using the transfer function approach could well be a subtle one, nevertheless the environmental preferences of this taxon should be not be discounted.
Of perhaps greater importance is the inclusion of Difflugia globulus in the Cyclopyxis arcelloides type group. These taxa are grouped together as their key differentiating identification feature is the pseudopodia of the living amoebae rather than test characteristic, and therefore problematic to separate in sub-fossil remains. Whilst the grouping of these taxa is therefore justified in palaeoecological studies, the extreme differences in hydrological niche of these taxa cannot be ignored; in this study C.
arcelloides type optima are 23.6 cm WTD and 86.6% MC, whereas D. globulus optima are -3.9 cm WTD and 97.1% MC. This taxonomic problem may partly explain the contradictory environmental preference data for C. arcelloides type in published material (Booth, 2001; Charman, 1997; Lamentowicz and Mitchell, 2005; Tolonen et al., 1992 Tolonen et al., , 1994 Woodland et al., 1998) . The complications of isolating D. globulus from the C. arcelloides type group in palaeoecological samples may in part be addressed by reference to Bobrov et al. (1999) and test size related to moisture availability, and division to lower taxonomic level. Recent papers have sought to improve transfer functions through both the sampling and statistical methodology Telford and Birks, 2011) . While these approaches may well improve the precision of transfer function-based reconstructions it is unlikely that enhanced accuracy of these models is convincing while the fundamental issue of unclear taxonomy remains (Mitchell and Gilbert, 2010) . Research on contemporary testate amoebae ecology should adopt a cautious approach to 'over-grouping' taxa and be clear about the application of the results. Care should be exercised when interpreting the assemblage when encountering this taxon in palaeohydrological reconstruction, and close attention should be given to the other taxa sharing the spatio-temporal location.
Despite the critical assessment of the use of testate amoebae-based transfer functions to quantitatively reconstruct palaeohydrology in ombrotrophic peatlands presented here, they nevertheless remain a very powerful tool in understanding past climatic changes.
Comparisons of the NE, NI and ACCROTELM models demonstrate that although there are differences in the performance statistics of the models, the reconstructed direction and magnitude of hydrological changes from palaeoecological data are broadly similar (within reconstruction errors) and strongly correlated. Although the biogeography of testate amoebae has been shown to be broadly comparable on a supra-regional scale, site-specific factors clearly play a significant role in testate amoebae community composition and remain challenging to unravel. The use of contemporary data from one region to infer hydrological values at another should be approached with caution, and wherever practicable local data should be included in the transfer function.
Equally, it is possible that for older fossil samples, the best analogues may be found in contemporary samples from other regions, where the modern climate and conditions are more similar to those under which the peat originally formed. Comparing outputs from different independent transfer functions is a useful way of assessing reconstruction robustness. Quantifying the effects of testate amoebae taxonomy and preservation in fossil assemblages remains problematic and fundamental to the accuracy and precision of transfer function output.
Peatland water table response to changes in climate is complex and dependant on a number of variables including, but not limited to; hydraulic conductivity, peat mass, porosity, dry bulk density, water table height, bog surface height, decay rate, underlying substrate and lateral extent (Baird et al., 2008; Baird et al., 2011; Frolking et al., 2010; Holden, 2005; Morris et al., 2011) . There has recently been a concerted effort to improve the understanding of raised bog hydrological response to climatic factors through manipulation of a peatland development model (Swindles et al., submitted 
